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ABSTRACT 
Subtle structural changes during electrochemical processes often relate to the degradation of electrode materials. Characterizing the minute- 
variations in complementary aspects such as crystal structure, chemical bonds, and electron/ion conductivity will give an in-depth understanding 
on the reaction mechanism of electrode materials, as well as revealing pathways for optimization. Here, vanadium pentoxide (V2O5), a typical 
cathode material suffering from severe capacity decay during cycling, is characterized by in-situ X-ray diffraction (XRD) and in-situ Raman 
spectroscopy combined with electrochemical tests. The phase transitions of V2O5 within the 0–1 Li/V ratio are characterized in detail. The 
V–O and V–V distances became more extended and shrank compared to the original ones after charge/discharge process, respectively. 
Combined with electrochemical tests, these variations are vital to the crystal structure cracking, which is linked with capacity fading. This work 
demonstrates that chemical bond changes between the transition metal and oxygen upon cycling serve as the origin of the capacity fading. 
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1 Introduction 
Lithium-ion batteries have been widely developed to meet the 
increasing demands of energy applications, such as electric vehicles 
and electrical storage from wind to solar power [1, 2]. However, 
lithium-ion batteries fall short of the ever-increasing energy density 
demands regarding the desirable range of electric vehicles and battery 
life of portable electric devices [3, 4]. Among battery components, 
the cathode material is one of the main limitations to desired energy 
densities [5]. While most commercial electrode materials fall short 
of aspirations, materials in multi-electron reaction systems (such 
as MoO3, V2O5, and CuF2, among which V2O5 is one of the best 
candidates) have received significant interest for their higher capacity 
[6–11]. These materials, with enough space to store more than one 
lithium per formula unit, however, suffer from poor structural stability. 
To overcome this issue, understanding the structural evolution 
during the electrochemical process is crucial [12]. Thus, various tools 
have been used to investigate the degradation mechanism, which is 
helpful to optimize these cathode materials further. Among these 
tools, in-situ X-ray diffraction (XRD) has been demonstrated to 
be a powerful tool for exploring the structural evolution in the 
electrochemical field [13]. Unsatisfactorily, it failed to unfold the 
chemical bond changes of the cathode, which usually happens    
in multi-electron systems [14]. Luckily, Raman spectroscopy is  
very sensitive to alternations of bonding and X-ray absorption fine 
spectroscopy (XAFS) (including X-ray absorption near edge structure 
(XANES) and extended X-ray absorption fine structure (EXAFS)) is 
powerful in detecting of bond length, both of which are important 
supplements to XRD analysis [15].  
Therefore, these tools are very suitable for investigating the 
multi-electron reaction system if we can cross-check the proposed 
mechanism by combining all of them. With accommodation for up 
to 3 lithium ions, V2O5 is a very promising cathode material and 
the biggest problem before commercialization lies in fast capacity 
fading, which involves structural deformation [16, 17]. Former works 
showed that during the lithiation process there exist four phases in 
LixV2O5 (0 < x ≤ 2): α phase where x ≈ 0, ε phase where x ≈ 0.5, δ 
phase where x = 1 and γ phase where x = 2 [18]. Cocciantelli and 
co-authors investigated the electrochemical insertion of lithium 
ions in the process of 0 < x ≤ 2 via ex-situ XRD [19]. Later, they 
researched on the electrochemical process of LixV2O5 system while 
0 < x < 1 in detail using XRD [20]. Pereira-Ramos and co-workers 
used Raman spectroscopy to study the lithium insertion into V2O5 
and provided insight into the chemical changes [21, 22]. To get 
more specific information, Mansour employed in-situ XAFS to 
study the electrochemical process of V2O5 and found that V–O 
chemical bonds play a vital role during the electrochemical reaction 
[23]. However, very few works focused on the combination of operando 
Raman spectroscopy and X-ray diffraction in tracing the hidden 
reason for capacity fading at high lithium insertion concentrations 
[24]. Also, former works attributed the capacity fading to the V–O 
layer puckering, where further understanding of the crystal evolution 
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is desired [25]. It is of importance in understanding the reaction 
process of vanadium oxide, thus will enlarge its usage in the 
electrochemical field [9, 10]. 
Given all that above, a combination of in-situ XRD, in-situ Raman 
and ex-situ XAFS is utilized in this work to investigate the intrinsic 
reason for capacity fading of the multi-electron reaction system and 
V2O5 is taken as a model. The in-situ Raman results show that the 
shortest V–O bond variations are responsible for the crystal structure 
destruction. The ex-situ XAFS results coincide with the Raman 
and XRD tests and find that the V–V bond, which is the skeleton 
of the crystal, is essential in the crystal structure. Further in-situ 
electrochemical impedance spectroscopy (EIS) tests reveal the 
chemical kinetics during lithium insertion into V2O5 crystal. This work 
indicates that the breaking of the metal–oxygen and metal–metal 
bonds may be the origin of the capacity fading. 
2 Experimental 
2.1 Material synthesis 
The V2O5 nanowire was synthesized by a hydrothermal method. 
0.72 g V2O5 powder was added into 60 mL deionized water and 
stirred vigorously at room temperature, then 0.3 g polyethylene 
glycol was added to this homogeneous solution and continuously 
stirred for 2 h until a transparent orange solution was obtained. 
The resultant solution was then sealed into an 80 mL autoclave and 
hydrothermally treated at 180 °C for 2 days, followed by precipitated 
isolation and washed with anhydrous ethanol and deionized water 
several times. Finally, it was dried at 70 °C in the vacuum for 24 h 
and then annealed at 350 °C for 2 h in air.  
2.2 Material characterizations 
XRD measurements were performed to investigate the crystallographic 
information using a Bruker D8 Discover X-ray diffractometer with  
a non-monochromatic Cu Kα X-ray source. Raman spectra were 
collected using Horiba HR Evolution with 532 nm line from the 
He-Ne laser. Transmission electron microscopy (TEM) images and 
high-resolution TEM (HRTEM) images were recorded by a JEOL 
JEM-2100F FEF TEM. Hard X-ray experiments were carried out at 
the 4W1B beamline in the Beijing Synchrotron Radiation Facility 
(BSRF) and the E0 is corrected with the vanadium foil. The V K 
edge E0 was 5,469 eV and the normalization order is third. Rbkg 
and k-weight are 1.0 and 2.0, respectively. XANES spectra were 
normalized to an edge jump of unity taking into account the atomic 
background after the edge as revealed from the EXAFS analysis. A 
prior removal of the background absorption was done by subtraction 
of a linear function extrapolated from the pre-edge region. 
For in-situ XRD measurement, the electrode was placed right 
behind an X-ray-transparent beryllium window, which also acted as 
a current collector. The in-situ XRD signals were collected using the 
planar detector in still mode during the discharge/charge process, 
and each pattern took 1 min to acquire. In order to allow penetration 
of the Raman laser, aluminum foil with a hollow of 3 mm in diameter 
was used as the current collector. The white sapphire as thick as 
0.05 mm with the Raman laser transmittance of 90% served as the 
window. The power for collecting Raman spectrum was 10% of the 
total power of 532 nm He-Ne laser to avoid burning the cathode. In 
order to reduce background interference and cosmic ray interference, 
we use two exposures to obtain each spectrum, each time is 15 s, 
so each spectrum takes 30 s to obtain. 
Staircase potentio electrochemical impedance spectroscopy (SPEIS) 
was started from 4.0 to 2.0 V during the anodic process. The SPEIS 
tests the successive impedance spectra during the voltage scans thus 
to investigate the reaction kinetics. The number of potential steps 
was 160 and the wait time for each potential step was 30 min.  
The voltage sinus amplitude was 10 mV, the frequency range was 
0.01–100,000 Hz and the number of frequency points per decade in 
linear spacing was 10, where 71 points were collected for one EIS 
spectrum. 
3 Result and discussion 
TOPAS 4.2 was introduced to implement the Rietveld refinement of 
the acquired XRD pattern of V2O5 in Fig. 1(a). The calculated result 
shows that the space group of the as-prepared sample is Pmn21 
with Bragg parameters of a = 11.5 Å, b = 4.37 Å, and c = 3.56 Å. These 
cell parameters and atomic coordinates for the V2O5 are given in 
Tables S1 and S2 in the Electronic Supplementary Material (ESM), 
respectively. The refined result shows that the sample is in perfect 
shape of the orthorhombic and that no other phase is observed. The 
three different V–O distances, according to the refined XRD data, 
are listed in Fig. S1 in the ESM. The Raman spectrum of the pristine 
sample is shown in Fig. 1(b) and all the vibration bands are well 
assigned to V2O5 according to the literature. The vibration of the 
shortest V–O bond in the b-axis can be assigned to the Raman band 
at 980 cm−1 [26].  
To investigate the phase transition in the shallow lithium insertion 
process, in situ XRD within the voltage windows of 3.2–4.0 and 
2.8–4.0 V corresponding to half and one lithium per V2O5 formula unit, 
respectively, was conducted as shown in Fig. 2. Two-dimensional 
image of the XRD patterns were drawn to get a clear understanding 
of the phase evolution process, where the intensity is defined by the 
colors shown in the scale bar on the right. Due to the self-adaption 
effect, the electrochemical process started from the charging process 
to get the inserted lithium out of the crystal [18, 20].  
 
Figure 1 (a) Rietveld refinement of the XRD pattern and (b) Raman spectrum of 
V2O5 nanowire. 
 
Figure 2 In-situ XRD patterns of V2O5 in the voltage windows of 3.2–4.0 and 
2.8–4.0 V at a current density of 50 mA·g−1. 
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The galvanostatic charge–discharge curve in Fig. 2(a) presents one 
voltage plateau during charge and discharge, which indicates the α 
phase transformation to the ε one, which is a reversible reaction. 
Two theta angle region of 18°–42° is selected, which includes the 
prominent lattice planes of (010), (020), (110) and (120). By observing 
the changes of four crystal planes, the lattice parameters a, b and 
their changes during the reaction can be obtained. In Fig. 2(b), the 
diffraction peak at 23° gradually shifts to lower angle with negligible 
breaks, while the (010) lattice planes shift to lower angle but jump 
to its lower angle at 20.5° with breaks observed. This means 
while lithium inserts into the V2O5 crystal, it inserts not only in 
the traditionally b axis but also through a axis. This result indicates 
there is little difference between the α and ε phases. 
As for the deeper insertion of lithium to one per formula unit, 
the voltage is widened to 2.8–4.0 V or 2.4–4.0 V, where two voltage 
plateaus observed. The phase transition from ε phase to δ seems 
different compared with the previous process. The strong intensity 
around 23° shifts to lower angle and becomes less prominent when 
transformation to ε phase occurs. The strong peak around 42° first 
jumps to the lower angle belonging to the ε phase and then to 39° 
the δ phase with no intensity break. The in-situ XRD results show 
that both the phase transitions to ε and δ are reversible. The XRD 
refinement of the 2.4 V discharge product shown in Fig. S2 in the 
ESM shows that the α-V2O5 phase with lattice parameters of a = 
11.512 Å, b = 4.371 Å and c = 3.56 Å transformed to δ-LiV2O5 with 
lattice parameters of a = 11.717 Å, b = 4.667 Å and c = 3.58 Å. This 
lithium insertion process causes the V2O5 crystal to be slightly 
puckered according to the XRD refinement result. 
The chemical bond changes in V2O5 during the lithium insertion 
will result in variations in Raman spectra. As shown in Fig. 3(b), 
for the bonds around 110, 150, 280, 290 and 700 cm−1 the intensity 
becomes weaker, shifts to a higher position, and then merely 
disappears. The band variation during charge is the inverse process 
during discharging. It is worth noting that this phenomenon can be 
described as the transformation of α-V2O5 to ε-Li0.5V2O5, with the 
weaker vibration. As the deeper lithium insertion (ε-V2O5 transforms 
to δ-LiV2O5), the Raman intensity does not change significantly. 
To study the local structure changes with shallow lithium 
intercalation, in-situ Raman spectroscopy is applied during the 
 
Figure 3 In-situ Raman spectra of V2O5 within the voltage windows of 3.2–4.0 
and 2.8–4.0 V at a current density of 50 mA·g−1. 
electrochemical process. Here, we reinvestigated the powder α-V2O5, 
which is the same material used in the in-situ XRD and other tests. 
The operando Raman measurement results of V2O5 within the 
voltage windows of 3.2–4.0 and 2.8–4.0 V are shown in Figs. 3(a) 
and 3(b), and 3(c) and 3(d), respectively. 
Two-dimensional images of the in-situ Raman spectrums are 
drawn, where the Raman intensity is defined with color and the 
scale bar presented on the right. The intensities over 810 counts are 
treated as the same color in Fig. 3(b), while that upper limit is 705 
in Fig. 3(d). The intermediate phase with relatively low Raman 
intensities during the reaction is not very obvious, and thus an 
upper limit makes the observation of the signal variation easier. 
To further investigate the lithium insertion mechanism, in-situ 
Raman mapping with a spatial resolution of 1 μm was conducted at 
different electrochemical states of LixV2O5. There are 3,600 Raman 
spectra collected at each electrochemical state as shown in Fig. 4. 
The optical images of V2O5 at open circuit voltage (OCV) and 2.0 V 
discharge state are shown in Figs. S5(a) and S5(b) in the ESM. To 
characterize the phase evolution process, three band regions are 
selected in a whole spectrum: Band region that can represent V2O5 
is 110–170 cm−1 and D and G bands of carbon are 1,280–1,460 and 
1,500–1,700 cm−1, respectively. The colorful images in Fig. 4 are 
drawn based on the integration of the selected region. It can be seen 
at OCV that there are three to four high spots, which is due to the 
uneven surface of the cathode. During the electrochemical process 
the variations of B1gB3g, D and G bands are nearly the same. Upon 
high lithium insertion to 1 lithium per vanadium, the strong-intensity 
region tends to be homogenous and weaker, which means the 
vibration bands in the material disappear. 
From the point view of in-situ XRD, the capacity fading may 
originate from the variations of the V–O and V–V bonds. 
However, it is not very clear which of the two is the dominant reason. 
To resolve this issue, in-situ Raman test at a current density of  
100 mA·g−1 was conducted for 4 cycles within the voltage window 
of 2.0–4.0 V (Fig. 6). Three noticeable Raman vibration band changes 
of V2O5 during the electrochemical process are listed, which represent 
the б(O3–V–O2), ν(d3) and ν(d1). Figure 6(a) presents the peak 
intensity variations of the three-selected prominent band regions 
during the electrochemical process. The intensity of the peak decays 
rapidly with cycling. This indicates that the crystallinity of the local 
 
Figure 4 In-situ Raman mapping of electrochemical states of LixV2O5: (a)–(c) 
for OCV, (d)–(f) for discharge to 3.2 V, (g)–(i) for discharge to 2.8 V, (j)–(l) for 
discharge to 2.0 V. 
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Figure 5 In-situ XRD patterns of V2O5 in the voltage window of 2.0–4.0 V for 
4 cycles at a current density of 100 mA·g−1. 
 
Figure 6 In-situ Raman spectra of V2O5 in the voltage window of 2.0–4.0 V for 
4 cycles at a current density of 100 mA·g−1. 
structure also decreases, which may relate to the capacity decay. To 
study the decay, here we fitted the three profiles and the detailed 
fitting information are shown in Fig. S6 in the ESM. The calculated 
result of the band around 980 cm−1 fits well with the capacity fading 
trend, which can be treated as the sign of the capacity fading. Moreover, 
this Raman band moves towards lower wavenumbers and becomes 
wider, which means that the shortest V–O bond along b axis gets 
longer and more disordered during cycling. 
The SPEIS was tested from 4.0 to 2.0 V. During the electrochemical 
insertion, the cell is kept still for 30 min at each potential step of 
12.5 mV, and then an EIS spectrum is taken. There are 199 EIS results 
taken as shown in Fig. 7(b). The time is set as the x-axis, which 
represents the lithium insertion amount. Y is the Z’ in the Nyquist 
plots, and the −Z’’ is presented by different colors, which vividly 
show the variation of Z’ and Z’’. Further, to quantify the EIS results 
of different degrees of lithium insertion, a series of fittings were 
done, as shown in Fig. 7(b) [27]. The Nyquist plots were fitted by 
the two-time constant model (Fig. 7(c) inset) in which two obvious 
linked semicircles appeared on the complex plane with a looming 
diffuse control. It is acknowledged that the two semicircles in the 
high-frequency and middle-frequency regions represent the surface 
diffusion of Li+ and charge transfer process, respectively, and the 
diffuse control in low-frequency region can be attributed to bulk 
diffusion of Li+. The values of Rs and Rct have an opposite change 
tendency with the lithium intercalation process. When current density 
increases, Rs and Rct decrease sharply at the same time. The Rs and 
Rct does not change that much during the electrochemical process, 
which means that the phase transition does not importantly affect 
the lithium transportation. 
XAFS was employed to investigate the detailed structural variation 
(Fig. 8), and the data analysis has been performed using the ATHENA 
package, where multiple scattering theory was taken into account  
 
Figure 7 SPEIS tests results during lithium insertion into V2O5. The CV (a), 
in situ EIS (b) and selected fitted EIS results (c). 
[28]. The pre-edge peak in Fig. 8(a) shifts to lower energy with the 
increase of the lithium content in the cathode, which is the result of 
the reduction in the V center. At the meantime, the V–O around 1.5 Å 
becomes longer and the length of V–V around ~ 2.8 is reduced, which 
can be seen in Fig. 8(b). The V–O bond is treated as the skeleton of 
the crystal and therefore a larger V–O bond distance may induce an 
unstable host at high lithium content [25, 29]. Even worse, regarding 
different cycles (Figs. 8(c) and 8(d)), the V–O bond is not only 
extended but also dispersed (with a broadened peak in Fig. 8(d)), 
both of which are contributed to a more disordered structure. This 
result is in good coincidence with the in-situ XRD and in-situ Raman 
results. All these characterizations above prove that bond changes 
of V–O and V–V are closely related to structural degradation and 
capacity fading of V2O5 and thus methods modifying/stabilizing 
atomic coordinates in this material may achieve a continually high 
capacity. It is worth noting that pre-intercalation of the alkaline or 
alkaline-earth metal ions is one of the best modification methods in 
solving this issue during the electrochemical process. 
4 Conclusion 
Capacity fading is one of the hot topics in the battery field. 
Uncovering the intrinsic reaction mechanism will help understand 
the origin of the cell malfunction. Here, by combining in situ XRD, 
in situ Raman and a series of electrochemical tests, the electrochemical 
(de-)insertion process of LixV2O5 (0 < x < 2) is investigated in detail. 
The in situ XRD and in situ Raman combined with the ex-situ 
XAFS confirm that the shortest V–O and V–V bonds variations may 
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be the origin structural change, which further results in capacity 
fading. This work also indicates that the metal–oxygen and metal– 
metal bonds form the skeleton of the crystal structure and by 
stabilizing the shortest metal–oxygen bond the malfunction process 
may be retarded. 
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